Abstract The primary end point of this study was to determine the safety and feasibility of intraprostatic administration of PSA-TRICOM vaccine [encoding transgenes for prostate-specific antigen (PSA) and 3 costimulatory molecules] in patients with locally recurrent or progressive prostate cancer. This trial was a standard 3 ? 3 dose escalation with 6 patients each in cohorts 4 and 5 to gather more immunologic data. Nineteen of 21 patients enrolled had locally recurrent prostate cancer after definitive radiation therapy, and 2 had no local therapy. All cohorts received initial subcutaneous vaccination with recombinant vaccinia (rV)-PSA-TRICOM and intraprostatic booster vaccinations with recombinant fowlpox (rF)-PSA-TRICOM. Cohorts 3-5 also received intraprostatic rF-GM-CSF. Cohort 5 received additional subcutaneous boosters with rF-PSA-TRICOM and rF-GM-CSF. Patients had pre-and post-treatment prostate biopsies, and analyses of peripheral and intraprostatic immune cells were performed. There were no dose-limiting toxicities, and the maximum tolerated dose was not reached. The most common grade 2 adverse events were fever (38 %) and subcutaneous injection site reactions (33 %); the single grade 3 toxicity was transient fever. Overall, 19 of 21 patients on trial had stable (10) or improved (9) PSA values. There was a marked increase in CD4
Introduction

PSA-TRICOM (PROSTVAC
Ò ) is a prostate-specific antigen (PSA)-targeted poxviral vaccine that has shown preliminary evidence of efficacy in the treatment of metastatic castration-resistant prostate cancer (mCRPC). This ''offthe-shelf'' vector vaccine contains the entire PSA transgene, along with an agonist epitope [1] and TRICOM, consisting of the transgenes for 3 T-cell costimulatory molecules (B7.1, ICAM-1, and LFA-3). In a multicenter, randomized phase II trial of 125 patients with mCRPC [2] , patients receiving PSA-TRICOM had a 44 % reduction in death rate and an 8.5-month improvement in median overall survival compared to patients given a placebo wildtype vector. A smaller study of PSA-TRICOM with a similar survival showed a trend toward improved overall survival in the patients with the enhanced PSA-specific T-cell immune responses [3] . In the larger phase II trial, the improved survival was seen in patients with mCRPC who had minimal or no symptoms and no prior chemotherapy. Recent data from clinical trials suggest that patients with slow-growing disease and/or low-volume disease with minimal prior exposure to chemotherapy are more likely to have the best outcomes following treatment with therapeutic cancer vaccines [4, 5] . Indeed, patients treated with PSA-TRICOM who had a longer predicted overall survival, as assessed by the Halabi nomogram [6] (consistent with lower disease burden or less aggressive disease), appeared to benefit most from this vaccine and had substantially better outcomes than predicted [3] .
At the time of diagnosis of prostate cancer, radiation therapy and surgery are both potentially curative options. Patients who elect to undergo radiation therapy as their definitive up-front treatment and later have a rising PSA have limited options. Salvage radical prostatectomy is rarely done, in part because of significant complications and low curative potential. As a result, there is no clear standard of care for patients with locally recurrent disease following radiation therapy. Hormonal therapies are an option, but are associated with side effects that may affect a patient's quality of life and have not been shown to improve survival in this setting.
Intraprostatic administration of vaccine may improve the efficacy of prostate cancer therapy, either by direct tumor killing by the vector or by indirect tumor killing through immune-mediated response, both mechanisms having been demonstrated in preclinical studies [7, 8] . In humans, intraprostatic administration of PSA-TRICOM vaccine may increase immune response by converting tumor cells to antigen-presenting cells (APCs) and by creating ''danger signals'' that allow prostate cancer cells to be recognized as non-self by an activated immune system [9, 10] . Kaufman et al. [11] demonstrated the safety of intratumoral administration of a poxviral TRICOM vaccine in patients with metastatic melanoma. In that study, there was a 38.5 % tumor response rate in the target lesions including one complete response of 22? months. Two other clinical studies also demonstrated that poxviral vectors could be administered safely into melanoma and via the intravesical route in patients with bladder cancer [12, 13] .
The study reported here was based on preclinical studies in which subcutaneous (s.c.) vaccination plus intratumoral vaccination in murine tumors was shown to be superior to either modality alone [14] . The goal of this line of clinical research was to use this strategy in men with localized prostate cancer at high risk of recurrence. However, concerns about the risk/benefit of a phase I trial in patients who were potentially curable led to a trial design enrolling patients with incurable disease at high risk for developing life-threatening disease. As a result, patients were deemed appropriate candidates for standard s.c. and intraprostatic vaccination due to their low tumor burden but high risk for eventual metastatic disease. The goal of the study was to establish that intratumoral administration was safe with the long-term plan to move this strategy into an earlier stage of disease once the risk/benefit is established. Additionally, changes in peripheral T-cell responses were examined by ELISPOT; tumor infiltration by T cells pre-and post-vaccination and changes in serum PSA values were also analyzed.
Patients and methods
Patient eligibility
Patients enrolled were required to have biopsy-proven, locally recurrent prostate cancer following definitive radiation therapy at least 18 months prior and 3 consecutively rising PSA values with or without androgen deprivation therapy (ADT). Alternatively, patients may have refused, or not been candidates for, definitive local therapy (surgery or radiation), but have clinically progressive disease on ADT. All patients had an Eastern Cooperative Oncology Group performance status of 0-2 and adequate renal, liver, and hematopoietic function. Exclusion criteria included HIV seropositivity, active autoimmune disease, hepatitis B or C positivity, and the use of systemic steroid treatment above physiologic doses. A history of allergy or reaction to prior vaccination with vaccinia virus was contraindicated. Patients had to be able to avoid household contact with children less than 3 years of age, pregnant women, people with open skin wounds, and immunodeficient persons. Patients with serious medical conditions that could interfere with the study treatment program, including class C 2 heart failure, serious pulmonary disease, and active brain metastases, were also excluded.
Study design and treatment
The primary end point of this study was the safety and feasibility of intraprostatic administration of PSA-TRI-COM (PROSTVAC Ò , Bavarian Nordic, Mountain View, CA), a vaccine regimen consisting of a recombinant vaccinia (rV)-PSA-TRICOM priming vaccination and recombinant fowlpox (rF)-PSA-TRICOM booster vaccinations.
Vaccines were supplied by the Cancer Therapy Evaluation Program (CTEP) of the National Cancer Institute (NCI). Vaccines were prepared as previously described [15] and stored at -70°C until the day of administration, when they were thawed to room temperature.
Patients were enrolled into 1 of 5 sequential cohorts in a standard 3 ? 3 dose-escalation design. Cohorts 4 and 5 each enrolled 6 patients in an effort to gather more data. Patients received s.c. rV-PSA-TRICOM and s.c. rF-GM-CSF, followed by booster vaccinations with intraprostatic rF-PSA-TRICOM, with or without admixed intraprostatic rF-GM-CSF. All patients received the priming vaccination on day 1 and booster vaccinations on days 29, 57, and 85. Patients in cohort 5 received both intraprostatic and s.c. boosters (Table 1) . Decisions regarding dose escalation and maximum dose estimation were based on toxicity in the 28 days following the first intraprostatic vaccination of the third subject in all cohorts. Patients completed study on about day 113, unless criteria for study removal were met prior to that point.
Transrectal ultrasound-guided prostate biopsies were performed prior to initial vaccine and on day 113 with oral quinolone antibiotic prophylaxis. A prostate biopsy that was taken at an outside institution and that indicated locally recurrent disease was acceptable for study enrollment. Vaccine was delivered intraprostatically by a 10-cc syringe loaded with up to 5 cc of vaccine. Each patient was injected at 6 locations via the same transrectal ultrasoundguided approach used for prostate biopsies (right apex, right mid, right base, left apex, left mid, and left base). Each injection site received 0.5-0.8 cc of vaccine. Readily identifiable areas of tumor received an additional 0.5-0.8 cc of vaccine. This protocol was approved by the Institutional Review Board of the NCI, and all study patients gave written informed consent.
PSA monitoring PSA values were followed at 28-day intervals. Assessment of PSA response was based on Prostate Cancer Clinical Trials Working Group criteria [16] . PSA doubling times (DTs) were determined using the Memorial Sloan-Kettering PSA DT online calculator [17] and were calculated using pre-enrollment PSA values from each patient's home laboratory and post-enrollment PSA values from the NIH Clinical Center laboratory to ensure consistency in the assessment of PSA values for calculation. Patients who were receiving hormonal therapies that may have affected PSA and PSA DT were enrolled, but these patients were excluded from PSA analyses.
Immunologic monitoring
Peripheral blood assays
Patients underwent leukapheresis prior to the start of treatment and again at study completion (around day 113). Immunologic response was measured by ELISPOT assay to evaluate the production of IFN-c by T cells after exposure to PSA-3A peptide in both pre-and post-vaccination peripheral blood mononuclear cells (PBMCs), as previously described [18] . The new gene expressed in prostate (NGEP, also termed ''anoctamin-7'', ANO7) peptide was also evaluated in the ELISPOT assay, based on data indicating an antigen cascade with a previous version of this PSA-based vaccine [19] . The T cells were used after 2 in vitro stimulations with the PSA-3A or NGEP peptide. The PSA-3A, NGEP, and HIV peptides were used at a concentration of 25 lg/mL. The presence of anti-PSA antibodies in patient serum pre-and post-vaccination was analyzed by a previously described ELISA [20] . s.c. subcutaneous, pfu plaque-forming units Patients were enrolled into 1 of 5 sequential cohorts. All patients received rV-PSA-TRICOM 2 9 10 8 pfu with rF-GM-CSF 10 7 pfu s.c., followed by rF-PSA-TRICOM intraprostatic (2 dose levels) with or without admixed rF-GM-CSF (2 dose levels) intraprostatic
Immunohistochemical analysis of prostate biopsies
Histopathologic features of prostate biopsies from patients enrolled in this clinical trial were analyzed by the NIH Laboratory of Pathology. Immunohistochemical analysis (IHC) was performed on 32 biopsy specimens (13 prevaccination and 19 post-vaccination). IHC could not be performed on other samples due to inadequate tissue. Most of the inadequate samples were obtained by an outside institution prior to enrollment, which accounts for the discrepancy between the number of samples available preand post-vaccination. Seven samples of non-cancerous prostate tissue from 6 age-matched patients were used as controls. Formalin-fixed, paraffin-embedded tissue blocks were prepared from prostate core biopsies and then cut into 4-lm-thick sections and stained with anti-CD3, anti-CD4, and anti-CD8, as previously described [21] . Control slides were included in all runs. Negative controls were incubated with mouse IgG 1 or IgG 2a isotype (AbD Serotec, Raleigh, NC) using similar Ig concentrations as the primary antibody. Tonsil samples were included for positive controls.
Results
Patient baseline characteristics
Nineteen of the 21 patients enrolled on study had received definitive local radiation therapy and had biopsy-proven recurrence (Table 2) . One patient had metastatic disease at time of diagnosis, was not a candidate for local therapy, and progressed after ADT. Another patient refused any local therapy and progressed after ADT. Median age was 65 (range 55-79). Median Gleason score, based on the highest Gleason score attained on biopsy either at diagnosis or on repeat biopsy for study enrollment, was 8 (range 6-9). Eighteen patients had a Gleason score of C7. Nineteen patients had a rising PSA at study entry, with a median PSA DT of 7 months; 16 patients (76 %) had a PSA DT of \12 months. At enrollment, 3 patients had metastatic disease detectable by CT or bone scan. Five patients were castration resistant at the time of study entry, but only 2 of those 5 had known metastatic disease.
Safety
The primary end point of this study was the safety and feasibility of an intraprostatic vaccine strategy for the treatment of prostate cancer (Table 3) . Twenty of 21 patients received all planned doses of vaccine, and no patient had vaccine discontinued for toxicity. The maximum tolerated dose was not exceeded. Only one patient had a grade 3 toxicity attributable to vaccine: a transient fever with the second intraprostatic vaccine injection at the highest dose level. The most common toxicity, s.c. injection site reaction, occurred with 47 % of administered s.c. doses, but only 21 % were grade 2. Fever, the second most common toxicity, occurred in 40.2 % of all treatment cycles, though only 14.6 % of all cycles reported grade C2 fevers. Fevers generally occurred within hours of receiving intraprostatic vaccine. None was serious enough to require intervention beyond acetaminophen, and all were transient.
Effect on PSA and PSA DT Overall, 19 of 21 patients on trial had stable (n = 10) or improved (n = 9) PSA values. However, 7 patients enrolled with castration-naïve prostate cancer (CNPC) and were receiving ADT. Additionally, one patient with CRPC started bicalutamide at the time of study entry. All of these patients were excluded from these analyses because the effect of hormonal therapy could not be separated from that of the vaccine. All of these patients had improved (n = 6) or stable (n = 2) PSA on study. The remaining 13 patients were analyzed: 9 with CNPC and 4 with CRPC. Changes in PSA and PSA DT for those 13 patients are summarized in Table 4 . It is also important to note that no patient had anti-PSA antibodies after enrollment, as has been observed in previous clinical trials [2, 18, 19, [22] [23] [24] [25] [26] [27] [28] , and thus, such antibodies did not influence PSA kinetics after vaccine treatment. Figure 1e is a waterfall plot of the percentage change in PSA DT from study entry to study completion.
Immunologic effects
Systemic immunologic effects Three of 9 HLA-A2-evaluable patients had an increase in PBMC IFN-c production to PSA peptide, as per ELISPOT assay (see ''Patients and methods'', Table 5 ). Three of 9 patients also developed a T-cell response to another prostate antigen, NGEP peptide, probably due to cross-priming of destroyed tumor cells. This phenomenon has been observed in both preclinical and clinical studies [7, 19] . Overall, 4 of 9 patients evaluated had an increase in PBMC IFN-c production to either PSA (n = 3) or NGEP (n = 1) peptide.
Immunohistochemical analysis of tumor infiltrate Biopsies obtained from patients pre-and post-vaccination were evaluated for the presence of CD3
? , CD4 ? , and CD8 ? cells. All patients were biopsied prior to study enrollment; 19 of 21 patients had off-study biopsies. However, 8 patient samples could not be analyzed, primarily because pre-study tissue from biopsies performed outside the NCI was inadequate for IHC evaluation. Tumor infiltrates from 13 patients who were biopsied pre-and post-vaccination were analyzed by paired t-test (Fig. 2a-c) . Most notable is the increase in CD4
? and CD8
? cells per high-power field (hpf). CD4 ? cells increased from a median of 1.7/hpf pre-vaccination to 12.3/hpf postvaccination (p = 0.0005, Fig. 2a) . Images of representative biopsy samples from one patient pre-vaccine (Fig. 2c, d ) and post-vaccine (Fig. 2g, h ) clearly demonstrate increased staining for CD4
? in the stroma near tumor cells and within the epithelium post-vaccination. CD8
? cells increased from 6.5/hpf pre-vaccination to 14/hpf post-vaccination (p = 0.0007, Fig. 2b) . Images of representative biopsy samples from one patient pre-vaccine (Fig. 2e, f) and postvaccine (Fig. 2i, j) clearly demonstrate increased staining for CD8
? in the stroma near tumor cells and within the epithelium post-vaccination. The statistically significant difference in the number of CD4
? and CD8 ? T cells pre-and postvaccination demonstrates a substantial increase in immune infiltrate within the tumor. These findings indicate a robust post-vaccination immune response within the tumor parenchyma.
Discussion
Recently, interest in therapeutic vaccines for prostate cancer has increased based on data showing enhanced overall survival in randomized studies [2, 5, 29] . Because the poxviral vector in PSA-TRICOM expresses multiple costimulatory molecules, infected cells (including tumor cells) can function as APCs [9, 30] . Introducing these vectors directly into the prostate may induce a therapeutic pro-inflammatory response caused by ''danger signals.'' Indeed, in previous studies, patients with advanced cancer have been treated with intratumoral injection of poxviral vectors with good safety profile and indications of clinical activity [12, 13] , including a poxviral vector encoding TRICOM molecules in advanced melanoma [11] .
This study was primarily intended to demonstrate that a poxviral vaccine (PSA-TRICOM) could be safely administered intraprostatically alone and with concurrent subcutaneous administration. Ideally, this trial would have enrolled patients with newly diagnosed prostate cancer, which may have allowed more data to be gathered in a more homogeneous patient population. However, safety concerns needed to be addressed prior to enrolling a patient population for which the benefit/risk ratio of this regimen could not be established. As a result, the trial reported here enrolled patients with locally recurrent prostate cancer. This patient population was considered high enough risk for death from their disease that the potential benefit outweighed the expected risk. However, because this is a difficult patient population to enroll in a clinical trial (because prostate biopsy confirming local recurrence is required), this trial enrolled a rather heterogeneous population including patients with CNPC, castration-sensitive prostate cancer on hormonal therapy, and CRPC. The enrolled population limits the usefulness of the clinical findings on this trial outside of the safety data obtained. This study showed that intraprostatic injection of PSA-TRICOM was feasible, with only mild toxicities such as transient flu-like symptoms, s.c. injection site reactions, and transient lower urinary tract symptoms. As stated, the other results discussed in this trial are descriptive only, and no conclusions can be drawn about the clinical effectiveness of this strategy. However, it is encouraging that the majority of patients had improved PSA values and/or improved PSA DT while on study, and only 1 patient (with progressive mCRPC prior to enrollment) had progressive disease by PSA on study. Studies of PSA-TRICOM vaccine in patients with mCRPC have described 2 of 129 patients with PSA declines [50 % [2, 24] , with minimal change in PSA kinetics during trial [31] , despite increases in overall survival. A study of 50 patients with rising PSA following local therapy but no radiographic evidence of metastasis showed a nearly twofold increase in PSA DT following PSA-TRICOM vaccination [25] . These data are consistent with the hypothesis that therapeutic vaccines have maximal impact on outcome when given early in the disease process [32] . Indeed, vaccines may lead not to dramatic decreases in tumor burden, but, as recently demonstrated, to eventual sustained decreases in tumor growth rate [31] . Thus, one way to evaluate these changes is to analyze changes in PSA DT (Fig. 1e) .
As evidenced by the presence of both PSA-and NGEPspecific T cells, it is possible that not only PSA-specific T cells were generated. Biopsies obtained 1 month after administration of the last intraprostatic vaccine showed a persistent, robust inflammatory infiltrate in the majority of patients tested. Since the vector in this vaccine directly ? at low (920) and high (960) power, respectively. Images 2e-f illustrate a pretreatment biopsy sample stained for CD8
? at low (920) and high (960) power, respectively. The corresponding post-treatment biopsies are seen to the right. Images 2g, h illustrate a posttreatment biopsy sample stained for CD4
? at low (920) and high (960) power, respectively. Images 2i, j illustrate a posttreatment biopsy sample stained for CD8
? at low (920) and high (960) power, respectively infects tumor cells, there may be many other tumor-associated antigens (TAAs) besides PSA presented to T cells, and this broader immune response may be more clinically relevant [33] . Other studies suggested improved clinical outcomes in patients who had broader immune responses post-vaccination [34] [35] [36] . The inflammatory infiltrate within the tumor could conceivably be due to PSA-specific and other tumor-specific T cells. While only 33 % of patients tested had substantial increases in peripheral PSAspecific T cells (Ctenfold increase), the goal of an effective therapeutic vaccine is to generate a specific T-cell response that can traffic to the tumor (not remain in peripheral circulation). Furthermore, clinical studies have demonstrated higher levels of TAA-specific T cells in tumor than in peripheral blood, leading to the possibility that peripheral immune responses underestimate the true anti-tumor immune response [37] . It should also be noted that the peripheral immune response only is against a 9-amino acid peptide, while the vaccine contains the entire PSA gene (about 244 amino acids).
Whether the dramatically increased immune infiltrates seen following vaccination were vector-specific or tumorspecific, PSA changes consistent with a therapeutic response were nonetheless observed. The majority of the infiltrate appeared to be CD3
? , with CD8 ? cells having a predilection for areas of epithelial tumor, as expected with a tumor-specific, systemic antitumor immune response. Multiple retrospective studies have demonstrated that an increased number of tumor-infiltrating lymphocytes convey an improved prognosis in various tumor types [38] [39] [40] [41] [42] [43] . However, it is not known whether intervention-induced increase in tumor-infiltrating lymphocytes portends an improved prognosis. While it is not known whether the CD4
? cells were tumor-specific, recent preclinical data suggest that tumor-specific CD4
? T cells can prevent tolerance of tumor-specific CD8
? T cells and that tumorspecific CD8
? T cells primed in the presence of activated CD4
? T cells have prolonged effector function against tumors [44] .
This study builds on previous preclinical studies [7, 8, 14, 45, 46] and demonstrates the safety and feasibility of this novel therapeutic vaccine approach. Encouraging preliminary results indicating both systemic and tumor-site immune changes were seen in the majority of patients in which samples for analysis were available. Similarly, improvements in PSA kinetics occurred in a majority of patients. It should be emphasized that these results are presented merely for descriptive purposes of data collected and that no conclusions about efficacy can be drawn due to the relatively small number of patients, non-randomized trial design, and the heterogeneity of the patient population sampled. However, we feel that further studies are warranted to determine whether this vaccine strategy can translate into improved clinical outcomes. In particular, this ''off-the-shelf'' vaccine strategy may be well suited for the neoadjuvant setting in patients with high-risk prostate cancer or as an intervention with minimal adverse effects for patients with low-risk prostate cancer who would otherwise opt for watchful waiting. We are planning such a follow-up study in which s.c. vaccines will be given in the neoadjuvant setting to enable us not only to determine whether intratumoral infiltrates are also associated with s.c. vaccines, but additionally to allow us to have much greater tumor volume to further detail immune responses at the level of the tumor.
